We study a two-state valence-bond electronic Hamiltonian model of non-equilibrium solvation during the excited-state twisting reaction of monomethine cyanines. These dyes are of interest because of the strong environment-dependent enhancement of their fluorescence quantum yield that results from suppression of competing non-radiative decay via twisted It is defined by three parameters and is a function of two π-bond twisting angle coordinates and a single solvation coordinate. For parameters corresponding to symmetric monomethines, there are two low-energy twisting channels on the excited-state surface that lead to a manifold of twisted intramolecular charge-transfer (TICT) states. For typical monomethines, twisting on the excited state will occur with small or no barrier. We show that changes in the solvation configuration can differentially stabilize TICT states in channels corresponding to different bonds, and that the position of a conical intersection between adiabatic states moves in response to solvent to stabilize either one channel or the other. We show that there is a conical intersection seam that grows along the bottom of the excitedstate potential with increasing solvent polarity. For solvents of even moderate polarity, we predict that the intersection seam should completely span the bottom of the excited-state potential in these systems.
A Valence-Bond Nonequilibrium Solvation Model for a Twisting Cyanine Dye
We study a two-state valence-bond electronic Hamiltonian model of non-equilibrium solvation during the excited-state twisting reaction of monomethine cyanines. These dyes are of interest because of the strong environment-dependent enhancement of their fluorescence quantum yield that results from suppression of competing non-radiative decay via twisted internal charge-transfer (TICT) states. For monomethine cyanines, where the ground state is a superposition of structures with different bond and charge localization, there are two twisting pathways with different charge localization in the excited state. The Hamiltonian designed to be as simple as possible consistent with a few well-enumerated assumptions.
It is defined by three parameters and is a function of two π-bond twisting angle coordinates and a single solvation coordinate. For parameters corresponding to symmetric monomethines, there are two low-energy twisting channels on the excited-state surface that lead to a manifold of twisted intramolecular charge-transfer (TICT) states. For typical monomethines, twisting on the excited state will occur with small or no barrier. We show that changes in the solvation configuration can differentially stabilize TICT states in channels corresponding to different bonds, and that the position of a conical intersection between adiabatic states moves in response to solvent to stabilize either one channel or the other. We
show that there is a conical intersection seam that grows along the bottom of the excitedstate potential with increasing solvent polarity. For solvents of even moderate polarity, we predict that the intersection seam should completely span the bottom of the excited-state potential in these systems.
a) Electronic mail: seth.olsen@uq.edu.au; seth.olsen@uq.edu.auYour e-mail address
I. INTRODUCTION
Monomethine cyanines have a distinguished role in the history of chemical science and industry. 1, 2 The description of their optical properties was an early target of quantum electronic structure models. 3, 4 Molecules from this class continue to draw interest due to their environmentdependent fluorescence quantum yield 5 .
The optical properties of monomethine dyes and push-pull polyenes can be described by twodiabatic-state models based on the concept of resonance between configurations with opposing charge and bond localization 3, [6] [7] [8] [9] [10] . The resonating states are shown for four "typical" symmetric monomethine dyes in 1. If the dye is symmetric, with identical rings at either end, then the two structures have the same energy and can be chosen such that the transition dipole moment between them vanishes at the ground state geometry, so that the states form a generalized Mulliken-Hush electron transfer model 11 . For asymmetric monomethines, the "resonant" or "cyanine" limit is defined by the condition that the structures have the same energy. 2, 12 Models of moderately asymmetric dyes (with small Brooker deviation 2 ) can be obtained by letting the diabatic gap vary with the difference in constituency on either side. 3, 4 In this sense, the case of a symmetric cyanine is also a reference case for asymmetric cases with small diabatic gap.
A distinguishing feature of monomethine cyanines is the environmental sensitivity of their fluorescence emission yield. 13 The dyes are practically non-fluorescent in fluid solutions, but can become highly fluorescent when bound to biomolecules or other constraining media. [14] [15] [16] [17] [18] [19] [20] This underlies the use of monomethine cyanines as fluorescent turn-on labels in biological imaging.
The fluorescence enhancement is interpreted as suppression of a bond-twisting process in the excited state, which would otherwise lead to dark twisted intermolecular (TICT) states 21 . The TICT states are dark, so population of these states is associated with ultrafast loss of transient fluorescence. The TICT states are characterized by a small adiabatic gap, and nonadiabatic decay can occur by conical intersections that occur at twisted geometries. 22 Enhancement of fluorescence due to suppression of excited-state twisting motion is the defining characteristic of a "molecular rotor" 2324 . This behavior is not limited to monomethine cyanines.
An example of a non-methine molecular rotor is the amyloid fibril-sensing dye Thioflavin-T 23 .
This molecule undergoes twisting in the excited state, allowing ultrafast internal conversion via twisted intramolecular charge-transfer (TICT) states with small or vanishing electronic gap 21 . The TICT states are dark, so that the twisting reaction is accompanied by a fast transient fluorescence orders of magnitude in the viscosity 25 . A key result was that the nonradiative decay time follows the timescale for damped rotational drift of a spherical rotor down a linear potential in a Stokes medium. The reaction coordinate is taken to be rotation of a double bond to form a dark TICT state. A key point was that the non-radiative decay timescale was found to depend linearly on the medium viscosity. A linear viscosity dependence of the nonradiative decay rate was also observed in experiments on the triphenylmethane dye Crystal violet, which decays via a similar mechanism. 262728 The only dependence on the temperature comes via the temperature dependence of the viscosity, which is very different than the Arrhenius temperature dependence expected for an activated (barrier-crossing) process.
One of the complications in considering the excited-state twisting in molecular rotors with the dimensions characteristic of monomethine cyanines is that the timescale for generation of a chargetransfer state by twisting, and the timescale for solvation of the same charge-transfer state, cannot be reliably separated. The nonradiative decay times for Thioflavin-T and Auramine-O in glassforming solvents scale with the transverse Debye dielectric relaxation time 25 , but are 1-2 orders of magnitude smaller 25 . This is consistent with nonradiative decay times that are comparable to the Debye longitudinal relaxation time. The longitudinal relaxation time is the appropriate timescale to describe dielectric relaxation following a sudden change in the molecular charge density 29 . For alcoholic solutions, the longitudinal relaxation time will be 10 times smaller than the transverse timescale 30 , which is comparable to estimated twisting times.
If the timescales for solvation and for twisting are comparable, then a faithful description of the physics must treat these processes at a comparable level of approximation. In this paper, we suggest such a description.
The identification of monomethine cyanines as molecular rotors raises an interesting question, because the ground states of these molecules are a superposition of structures with different π-bond localization (c.f. Figure 1) . In a molecule where the double bond can be in multiple places, how does one choose the appropriate reaction coordinate to describe double bond twisting in the excited state? Ab initio studies of the excited state surface in monomethine cyanines indicate that there are not one but two low-energy twisting channels on the excited-state potential energy surface 31 .
Even very simple physico-chemical models of twisting in symmetric methine dyes suggest that as the bond twisting proceeds, the lowest two adiabatic states should become polarized and form a twisted intramolecular charge-transfer (TICT) system. 21, 22, 32, 33 . This picture is upheld by more detailed quantum chemical models 3134 . However, twisting one or the other bond will destabilize the diabatic states by different amounts -because the π-bonds are in different places. Accordingly, the polarity of the TICT adiabatic states will depend upon the bond that is twisted 2233 . The dependence of the TICT polarity on the identity of the twisted bond can also be explained using simple molecular orbital theories. 32 The correlation between the path taken and the TICT polarity suggests that a polar environment can distinguish the twisting pathways, and could influence their relative yields. This has been suggested as the mechanism that underlies reversible photochromism and fluorescence switching in fluorescent proteins 35 . Fluctuation in the charge-coordination environment have been predicted to influence the bifurcation and availability of twisting pathways in photoactive yellow protein chromophores 363738 .
Modern theoretical photochemistry suggests the location, topography and energetics of con- The effect of polar solvation on the structure of conical intersection seams in a retinal protonated Schiff base model has been studied in a series of papers by Hynes and coworkers 49505152 .
The model of the dye was essentially that of a single asymmetric π-bond, parameterized by a single twist angle and a symmetry-breaking coordinate, with the solvent represented by a single polarization coordinate. In these works, it was shown that the position and energy of the conical intersection could be significantly modified by coupling to the solvent configuration. A valencebond model of similar simplicity was successfully used to describe the rate of TICT state formation in dimethylaminobenzonitrile (DMABN) in polar solution.
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In this paper, we seek to develop a better intuition for how non-equilibrium solvation affects the excited-state twisting process in monomethine cyanines, with special attention to the issue that there are two possible twisting pathways that can be distinguished by the solvent. We follow an example set by others, and offer a simple Hamiltonian model that depends on the relevant twisting coordinates and a single solvation coordinate.
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The reason why it is important to consider simple models in the natural sciences is that simple models make it easy to keep track of how the ideas that go into the model relate to the predictions that come out. That way, a challenge to the model can be framed as a challenge to the underlying ideas, rather than to some detail of the model parameterization. In this paper, we focus on only a few ideas that are simple extensions of the old notion of cyanine electronic structure as a resonance between structures with opposing charge and bond localization (cf. Figure 1) .
Our model describes favorable excited-state twisting with no or small barrier for typical monomethine cyanines in solution, leading to a manifold of twisted intramolecular charge-transfer (TICT) configurations with small or no electronic gap. The driving force for twisting in the isolated dye is small for dyes with absorption in the red, and increases with increasing absorption energy for a given π-bond stabilization energy. The model predicts that solvation of products along one twisting pathway tends to destabilize the alternate pathway, so that the model can describe solvent-driven selection of distinguishable TICT channels. The position and energy of a conical intersection in the TICT manifold is shown to change with the solvent configuration. The fraction of TICT states that can be made to coincide with the intersection seam grows with the solvent reorganization energy. For couplings corresponding to typical monomethine cyanines in polar solvents, there is no minimum or "basin" that can be associated with an adiabatically excited TICT system. Instead, the bottom of the excited state potential coincides with a conical intersection for monomethine cyanines in even moderately polar solvents.
Here is how the paper is organized. In Section 2, we introduce the model, describing its physical content and parameterization. Section 3 discusses results relating to the the potential surfaces 
II. MODEL HAMILTONIAN
The model Hilbert space is two-dimensional, and spanned by diabatic basis states distinguished by charge and bridge π-bond order as in Figure 1 . In this basis, the Hamiltonian is written as (1) .
The Hamiltonian is comprised of two subcomponents, a dye HamiltonianĤ Dye , which is a function of the bridge-bond twist angles θ L and θ R , and a solvent interaction HamiltonianĤ S ol , which is a function of a single solvent configuration coordinate s, which interpolates between equilibria with |L (s = −1) and |R (s = 1). The parameters β, J and λ are the electronic coupling strength, the π-bond stabilization energy, and the diabatic solvent reorganization energy. The solvent interaction termĤ S ol includes a configuration-independent scalar solvation energy that depends on the refractive index n of the medium and the Born cavity radius r characterizing the relevant terminal heterocycle. This term is the same for both diabatic states in a symmetric dye and does not vary with the configuration of the dye or solvent; it can be removed by resetting the zero of energy.
The transformation between the diabatic and adiabatic bases can be parameterised as a rotation
After resetting the zero of energy to eliminate the scalar solvation energy, the eigenvalues of the Hamiltonian (1) are
A. Dye Hamiltonian
The diabatic energies vary with the twisting of the bridge bonds, through the angles θ L and θ R . The dependence reflects distinguishable π-bond localization in the diabatic states in Figure   1 . Each diabatic state has π-bonding character localized on a distinct bridge bond. The π-bond stabilization energy J is the energy required to twist a π -bond to θ = π 2
, breaking the bond.
We are concerned with the interaction of twisting and solvation displacements, because the corresponding timescales in monomethine cyanines appear to be non-separable. A literal interpreation of the valence-bond structures in Figure 1 implies also strong coupling to bond-stretching displacements. Such displacements are important for understanding linear and nonlinear spectra of these and similar systems 1256576758 . A "separation of timescales" may more plausibly be placed between the bond-stretch vibrations in these systems and either the twisting displacements or the solvation dynamics, than between these latter two 5925 . Laage and Hynes have suggested a form for coupling to bond-stretch displacements in charged push-pull polyenes, which is mathematically analogous to their solvation models and, therefore, ours 60 .
The off-diagonal coupling has one term representing charge transfer between rings via sequential transfers across both bridge bonds. The direct transfer element between the ring is taken to be neglible, so that the lowest order couplings between the (many-body) diabatic states go as the product of transfer terms for each bond, and the modulation of transfer across each bond goes as the overlap between π-orbitals on the bonding fragments. Similar strategies have been applied to the nonlinear solvation of systems with activated TICT formation along a single twisting coordinate coupled to a solvation mode.
The parameter β determines the magnitude electronic coupling between diabatic states. It is equal to the adiabatic gap at the (planar) ground state geometry. The form of equations (3) and (3) can be justified using valence bond theory [61] [62] [63] [64] , in so far as the single-particle transfer element goes as the overlap between atomic p orbitals. The parameterization assumes a well-defined nodal plane associated with an sp 2 -hybridized monomethine bridge, so that the twist angles (θ l , θ r ) can be unambiguously defined.
B. Parameterisation of the dye Hamiltonian
The electronic coupling parameter β is equal to the electronic gap when the dye is planar and the solvent is unpolarized, which is true at the ground state minimum. Since monomethine dyes have strong, narrow absorbance lines this parameter can be estimated from absorbance spectroscopy as the energy corresponding to the band maximum. Alternatively, it can be estimated using quantum chemistry calculations.
The absorbance of monomethine cyanines is usually sharp, and solvatochromism is negligble 66 .
For dyes in e.g. 1, with absorbance in the visible, an appropriate value for β would be in the range The π-bond energy J is equal to the adiabatic gap if one bond is twisted and the other is planar (in an unpolarized solvent).
This suggests the parameter J is in-principle estimable from experiments, if transient fluorescence from the excited TICT state could be collected in sufficiently non-polar solvents. Unfortunately, the transition dipole strength also vanishes at TICT states, making spectroscopic estimation difficult or unfeasible in most cases. In such cases, it may be easiest to resort to calculation of the gap using quantum chemistry computations at a suitable model of the twisted state geometry.
General considerations suggest that the parameter J should be in the range 1.0-2.0 eV. This estimate comes from the identification of J with the energy associated with twisting a π-bond in a diabatic state with clearly defined bond alternation. To the extent that the energy of a localized double bond is transferrable, we expect that J should be at most comparable to the ground-state twisting energy for a molecule with definite single-double bond alternation in the adiabatic ground state. The reason for the "at most" is that the initial state for bond-twisting in a molecule with definite ground state bond alternation is near the minimum for the relevant diabatic state, this will not be the case in a symmetric monomethine where the ground state geometry is ambiguous. A reasonable reference system of similar size to the molecules in Figure 1 might be an asymmetrically substituted stilbene. The singlet ground state barriers for stilbene and 4-styrylpyridinium have been reported as 1.78 eV and 1.69 eV, respectively 67 . Another route to a similar conclusion would be to note that the π-bond stabilization energy in Hückel theory is just the resonance integral β, which is usually found to be in the range 1-2eV 68 . In any case, we are led to the conclusion that an appropriate value for the barrier height will be 1 eV.
For some systems, calculations of the diabatic barrier height are available, as calculations of the adiabatic gap at a suitable model of the TICT state. For near-resonant models of the GFP chromophore, which are not strictly symmetric but electronically almost so, this yields a barrier height of 0.9-1.0eV 22 . For the case of Michler's Hydrol Blue, we have an unpublished value of the twisted gap calculated using multi-state and multi-reference perturbation theory that is 1.0 eV.
For a slightly truncated model of the monomethine cyanine NK88 (cf. Figure 1 ), Santoro and coworkers have calculated twisted gaps in the range 1.3-1.5 eV using different electronic structure approaches 31 . These values for the diabatic barrier height are consistent with the arguments outlined above.
C. Dye-solvent interaction
The diabatic solvent reorganization energy λ is calculated as the reorganization energy of charge transfer between two conducting spheres immersed in a linear dielectric medium 69, 70 . This model was applied to charged push-pull polyenes by Laage et al. 60 , who showed it could explain the anomalous solvatochromism in those systems. Charged push-pull polyenes are chemically similar to monomethine dyes (c.f. Figure 1) The solvation interactionĤ S is diagonal in the diabatic basis. The relevant matrix elements are
where λ is the dielectric reorganization energy and G is the Born solvation energy of a charged conducting sphere of radius r embedded in a linear dielectric
For a symmetric monomethine, the cavity radii will be the same, and the solvation energy terms contribute only to the trace of the Hamiltonian. They can be removed by resetting the zero of energy to G 0 . The physical interpretation of the solvent reorganisation energy λ is the energy released by the non-adiabatic relaxation of the system to the minimum energy configuration of |R at s = 1 following excitation from |L at s = −1, the expression for this is 69, 70 λ ≡ λ(r, R) = 1
where r is the cavity radius, R is the distance between cavity centers, and ǫ and ǫ ∞ are the static and high-frequency dielectric constants of the medium. We have assumed the cavity radii are the same and that the transferred charge is equivalent to the fundamental charge e.
Our focus is symmetric monomethine dyes (c.f. Figure 1 ) where one expects R 2r and cavity radii r ∼ 2 − 4Å. Table I shows the reorganisation energies at these values of r and R. Values corresponding to a sphere of radius 2Å. This happens to be just under half of the experimentally measured transition dipole moment for Michler's hydrol blue 73 . The agreement in estimates of the rotor size is satisfying, since one is estimated from a hydrodynamic model of the non-radiative decay time 74 , while the other is obtained from an absorbance spectroscopy experiment 73 .
We will now summarize the ideas that have gone into the model Hamiltonian Equation 1. This is important, because the point of this paper is to understand the predictions that arise from just a few well-identified concepts/ideas. The paper is an exploration of the consequences of these ideas, rather than a definitive theoretical treatment for the case of any particular monomethine cyanine.
• The model is built on a Hilbert space spanned by structures with distinct charge and π-bond localization. This notion of the low-energy electronic structure of cyanines has a history in chemical theory that goes back to the early part of the last century 266 .
• We have introduced the idea that π-bonds have barriers to rotation that are not present in single (σ) bonds. This concept is not new, and is one of the most recognized basic facts of structural organic chemistry. The functional form of the barrier to rotation that we have used can be derived from valence-bond theoretical arguments 64 . The π-bond stabilization energy can be estimated to be in the range 1-2eV based on textbook arguments 68 . A similar functional form for the π-bond twisting barrier was used in a two-state model of TICT state formation in the dimethylaminobenzonitrile (DMABN) system 5354 .
• The inter-ring coupling is a product of transfers onto and off of the bridge. This reflects the idea that the direct (i.e. single-particle) inter-ring charge transfer coupling is negligible, which goes back as far as Pauling 75 . Since the direct coupling vanishes, the coupling goes as a product of transfers across the bridge bonds in lowest order. The dependence on the variables θ L and θ R across each bond go as the overlap of local π fragment orbitals across the respective bond. A lucid early description of the many-particle origin of the large (β 1−2eV) coupling in cyanines was given by Moffitt 76 . Essential aspects of this analysis have recently been confirmed again using a quasi-diabatic analysis of the electronic structure of series of monomethine cyanines 22 .
• We have introduced the notion that the solvent has different equilibrium positions for the different diabatic states. The solvation interaction is described using a model of charge transfer between conducting spheres in a linear dielectric, with sphere radius and intersphere distances characteristic of the monomethine cyanine. This model, which is quite well-established in the chemical physics literature related to electron-transfer reactions 70 , has also been used in a description of anomalous solvatochromism in charged push-pull polyenes (asymmetric polymethine cyanines) 60 . We have neglected the contribution of solvation effects to the coupling element, as has also been done in other studies of nonequilibrium solvation during photoisomerization reactions 52 .
The essential ideas that we have introduced that were not already present in the treatment of charged push-pull polyenes by Laage and Hynes 60 , are the notion of a barrier for π-bond twisting and the notion that the coupling matrix element is a product of transfers between local π orbitals on both rings and the bridge.
III. RESULTS

A. General remarks and classification of PES
The potential energy surfaces provided by our model can be qualitatively classified according to the "phase diagram" in Figure 4 . The figure classifies potential energy surfaces according to three yes/no questions. These are:
• Will TICT states form spontanously after electronic excitation?
• Is there a barrier to twisting on the excited state surface?
• Do TICT states correspond to excited-state minima, or to conical intersections?
These questions will be stated more precisely, and their answers, discussed, in three sub-sections below, each addressing one of the colored lines in Figure 4 .
For parameters corresponding to typical monomethine cyanines in solvents of weak to moderate polarity, our model describes favorable (spontaneous) formation of twisted internal charge-transfer (TICT) states on the excited-state PES. Twisting should be barrierless for dyes with electronic excitation energy above the far-red, but a barrier can exist for monomethines with weak electronic coupling or with weak π-bonding interactions. Numerical estimates that we have performed for limiting cases suggest the barrier, if it exists, is probably small (¡ a few k B T r , the thermal energy at room temperature).
Our model can describe the differential stabilization of twisting channels by the solvation field in a monomethine, and can also describe movement of the conical intersection between the twisting channels in response to changes in solvent configuration. This is an important aspect of the model, which is worth highlighting now. This behavior is summarized in Figure 5 . This shows that our model, despite its simplicity, can describe the environmental selection of different twisting channels by an environmental field, such as has drawn interest in the literature on fluorescent proteins 35 and photoactive yellow proteins 37 .
Our model suggests that, for typical monomethine cyanines in typical solvents (for which we ). The points corresponding to these channels are also indicated in Figure 2 .
TICT states will only form spontaneously on a significant timescale if they are energetically favorable. For a single coordinate, this corresponds to either of the two left panels of Figure 7 . The excited-state bias (relative to FC) of the adiabatic excited state ∆E 1 (θ L , θ R , s) = E 1 (θ L , θ R , s) − E 1 (0, 0, 0) can be written in the R and L channels as
The absolute value function introduces a derivative discontinuity where it's argument is zero.
In this case, the argument is the adiabatic gap, and the derivative discontinuity gives the position of a conical intersection within the TICT channels.
The excited-state energy in the L channel can be written analytically on either side of the conical intersection as
and in the R channel as
.
The situation is described visually in Figure 6 , which shows the energies in the R channel for some solvent configuration that puts the CI in that channel. Since the coupling vanishes in the TICT channels, the diabatic crossing point is also a conical intersection between adiabatic states. We can see immediately that diabatic state |R favors unwinding the angle θ L , while |L is invariant to θ L . The coupling vanishes in the channel, so the lowest adiabatic excited state energy in the channel can never be lower than the adiabatic excited state energy at the geometry RT,
It follows that the lowest excited-state bias in the R channel equals the excited-state bias at RT.
Analogous reasoning says that the lowest bias in the L channel is the bias at LT. The biases at these points is written on either side of the conical intersection as
, while the excited-state bias at RT, which similarly bounds the bias in the R channel from below, we have
We can see that the lowest bias at RT is achieved for λ < J at s = 1, whereas for J ≥ λ it is
, which is at the conical intersection.
It follows that the lowest bias that is achievable in the TICT channels is the energy at RT (or LT) at the solvent configuration which brings the conical intersection to that point. This bias is given by
. This equation gives the lowest (most favorable) excited-state bias that can be obtained for the TICT states in our model. If it is negative, then there exist TICT states that are energetically accessible from FC. If it is positive, then the TICT states are not accessible from FC. In the former case, the TICT states are expected to form spontaneously in the excited state, on a timescale that will depend on the intervening potential (cf. Figure 7 , difference between two left-hand panels and next section). In the latter case, the molecule will remain on the excited state in a region of strong radiative coupling and would be expected to decay by fluorescence. If the bias at RT/LT vanishes, then there is no driving force for twisting. In this last case, and in the absence of a barrier, we have estimated the twisting timescale for one-dimensional diffusion of a sphere with radius r = 2.3Å on a flat potential in a medium with viscosity η = 1cP and found it on the order of nanoseconds, comparable to radiative lifetimes in these dyes. So, a flat potential would give significant fluorescence even in the absence of a barrier. Fig. 2) The excited-state twisting process in monomethine cyanines has been invoked as an example of a barrierless viscosity-controlled process. 77 However, activated behaviour has been observed in some regimes for similar systems. Quantum chemistry calculations on monomethine cyanines and similar systems usually indicate no barrier or small barrier. 317879 The accepted limits of quantum chemistry estimates of excited-state energy differences are of the order of a few k B T r (even where the Born-Oppenheimer approximation is appropriate), so predictions of a barrier smaller than this are not conclusive. 80 Here, we examine what can be expected, with respect to the presence or absence of a barrier to twisting, on the basis of the few enumerable assumptions included in our model.
C. Is there a barrier to excited state twisting? (Green line in
The question of whether or not there is a barrier to twisting boils down to the sign of the eigenvalues of the second-derivative matrix (Hessian) with respect to the twisting displacements at FC. The solvent coordinate is always bound in the adiabatic excited-state of our model (as can be verified by consideration of Figure 3 and remembering that λ ≥ 0). The Hessian is diagonal at FC, and the force constants associated with the two twisting displacements are equal by symmetry.
The excited-state force constants with respect to these displacements have the particularly simple form
Negativity of the twisting force constants at FC implies accessibility of TICT states, as can be seen by comparing Equations 19 and 18. If J − β ≤ 0, then the model predicts barrierless descent to the TICT manifold. This would correspond to the case of the far left panel in Figure 7 . If
, then FC is bound but the TICT states are still favourable, and twisting proceeds with a barrier (middle panel of Figure 7 ). If the TICT states are inaccessible (
< J − β), then the molecule will decay by fluorescence (right panel, Figure 7 ).
Since the adiabatic transition is dipole allowed at FC, but forbidden in the TICT channels, the transient fluorescence decay measures exit from the region of FC. We expect the presence of the barrier to lengthen the fluorescence decay. However, the time to internal conversion on the far side of the barrier should be independent of the barrier height, so that in the activated regime we expect other contributions to the ground-state recovery time to be unaffected. The ground-state recovery time would be expected to be dominated by the fluorescence decay time in this case.
Comparison of Equations 18 and 19 shows that J ≥ β implies that twisting is unfavorable in sufficiently non-polar solvents. However, Table I shows also that even for relatively non-polar solvents we still have λ ≥ 0.5eV. For Michler's hydrol blue (cf. Figure 1) , we have the interesting case of J ∼ β, so that the bias for twisting in gas phase is expected to vanish. We have tested this assertion for Michler's hydrol blue using multi-reference perturbation theory estimates of the excited-state energy at the ground state minimum (a model of FC) and at a twisted excited-state minimum (a model of RT or LT) and found that this is true to within the expected accuracy of the calculations. In this case, solvation in weakly polar solvents such as eg. chlorobenzene will induce a bias of ∼ 0.2eV, which should be sufficient to quench fluorescence.
The reddest dyes with absorbance in the visible would have β ∼ 0.8eV. We have numerically calculated the barrier height for a dye with β = 0.8eV,J = 1.0eV with dimensions comparable to
Michler's hydrol blue (r = 2.3Å, R = 4.6Å) in chlorobenzene (λ = 0.8eV) and found it to be less than 3k B T r . Assuming an attempt frequency of ∼ 1ps for a torsional barrier, this would not be sufficient to engender steady-state fluorescence in the dye for moderately polar solvents λ ∼ 1eV.
The observation of a barrier to twisting in our model must be approached with awareness that we are leaving out potentially important intramolecular degrees of freedom. For example, our model does not consider bond vibration displacements, to which the states in these systems are known to be coupled. Laage and Hynes have suggested a form for the diabatic coupling that is formally identical to the solvation model we use here. 60 It has been pointed out that the coupling of solvation and stretching displacements through the same electronic degree of freedom (the diabatic gap), can amplify the effects of either. 9 If a solvation coordinate were included in this way, with a reorganization energy of order ∼ 0.1eV, it would act to reduce the barrier height and increase the driving force for reaction. This may lower the barrier to the point that it becomes irrelevant for typical monomethine cyanines.
We conclude that our model predicts barrierless or near-barrierless excited state twisting for typical solvated monomethine cyanines, but we are unable to rule out the possibility that a It has been suggested that the timescales observed in ultrafast spectroscopic experiments on monomethine cyanines may be interpreted on the basis of a partitioning of the dynamics between (fast) descent into a basin corresponding to a twisted configuration, followed by diffusion to the sink or conical intersection. 81 This notion presupposes the existence of an adiabatic twisted minimum on the excited state surface, in which diffusion could occur. In this section, we address the question of whether a true (i.e. gapped) excited state minimum can exist in the TICT manifold.
To answer the question, we analyze the extent and location of conical intersections in the model.
The conditions for intersection of adiabatic states is that the diabatic gap and coupling vanish simultaneously. This gives
for the coupling, and
for the gap.
Equation 20 is only and always satisfied in the TICT channels, so that conical intersections will only occur in the channels.
Equation 21 can be used to derive the solvent configuration that brings the conical intersection into coincidence with any point in the TICT channels. This is, for the L and R channels,
This shows that the CI will be in the R channel for s ≥ 0 and the L channel for s ≤ 0. Again, we have concentrated solely on the "patch" shown in Figure 2 ; a more general statement would include periodic images of the CI. . Accordingly, there is an adiabatic gap remaining at angles θ L,R less than some minimum angle θ CI min for which the CI may exist. If TICT states exist that are gapped for all solvent configurations, then these may accumulate population on the excited state surface, which will decay following diffusion to the vicinity of the CI seam.
If the adiabatic excited state PES does possess a minimum, and if this basin is sufficiently removed in energy and configuration space from the intersection seam such that transient steadystate population accumulates there, we would expect the ground state recovery time to increase without consummate lengthening of the fluroescence decay time. This is because the TICT states are dark, so accumulated population in the TICT channels will not contribute to the fluorescence. Table I says that, for a dye with dimensions similar to Michler's hydrol blue (r ∼ 2 − 3Å , R ∼ 4 − 7Å), the reorganization energy should be of order 1 eV even for weakly polar solvents.
Accordingly, we expect that θ CI min ∼ 1 for these solvents. This implies that the conical intersection can access most of the TICT configurations in the channels. However, even for an angular interval of ∼ 0.1 radian, we expect that the diffusion time in a medium of viscosity 1cp might be 10 − 100ps, and so this should be detectable as a delay in the ground state recovery time that is not apparent in the fluorescence decay time.
For dye-solvent systems with λ ≥ 1eV, the CI can be brought into coincidence with any point in the TICT channels. Since the TICT channels represent the bottom of the excited-state potential (c.f. discussion relevant to blue line in Figure 4 , above), this implies that a CI spans the bottom of the excited state potential of the model in this regime. This regime is the one that we expect to be relevant to most spectroscopic experiments using monomethine cyanines in moderate-to strongly polar solvents (such as eg. small-chain alcohols).
The growth of access to the TICT channels by the CI can be dramatically visualized by taking the fast-solvent limit, where the solvent is allowed to equilibrate to the dye at every fixed dye configuration. This limit yields two-dimensional potential energy surface such as shown in Figure   8 for Michler's hydrol blue. In the fast-solvent limit, the coincidence of the CI with the bottom of the excited-state PES is apparent as a "zipping up" of the TICT states as the seam extends into the channels. The results shown in Figure 8 show that even for weakly polar solvents, the intersection can already extends over most of the TICT configurations. The PES given for acetonitrile in the figure is the same for all solvents with λ ≥ J. This is because solvent configurations that are sufficiently polarized to re-introduce an excited-state gap also raise the excited-state energy, so that the force on the solvent coordinate at these configurations will drive the system back towards the intersection. Accordingly, these solvent configurations are never sampled in the fast-solvent limit.
The phenomenon of "zipping up" of intersection seams in the fast-solvent limit has also been described by Burgardt and co-workers for a model of the photoisomerization of a protonated Schiff base 49 . This phenomenon can be traced in both cases to the diagonal form of the solvation coupling emphasize that only qualitative insights can be obtained from considering the fast-solvent limit, which is not believably achieved in real experiments on symmetric monomethines.
IV. DISCUSSION
We have explored the potential surfaces given by a simple model of the ground and first excited states of a symmetric monomethine dye. The model has been made intentionally simple, so as to explore the consequences of a few enumerable concepts.
The model based on a previously published model of anomalous solvatochromism effects in charged push-pull polyenes 60 , but differs by the introduction of different potentials for twisting the π-bonds in the resonating diabatic states, and the introduction of a twist-dependent coupling that is a product of π orbital overlaps across the bridge. The functional form of the diabatic potentials
Our results suggest that the concept of resonating structures with opposing charge and bond localization, traditionally used to describe the linear & nonlinear optical response of dyes , may also explain the mechanism of their non-radiative decay. Since the resonance notation of Figure 1 describes a transfer between states with different charge and bond localization, the barrier is different in the diabatic states. The correlation of charge and π-bond order localization has important consequences for the structure of the excited state PES in the model, and the response to non-equilibrium solvation. The assumption of a coupling that varies as a product of overlaps across the bridge bonds is a consequence of the negligibility of the direct (single particle) inter-ring charge-transfer matrix element, which is traditionally assumed. 75 The model broadly reproduces features of the ground and excited state PES that are observed in more complicated electronic structure calculations of monomethine cyanines 7931 and related systems 3522823837 . These studies indicate that there are two energetically accessible twisting channels on the excited state surface, and that these channels are distinguished by the polarity of the adiabatic TICT transitions within the channels 3179 , such that control of the pathway yield by environmental interactions is possible 388237 . We have shown that the essential molecular physics underlying this behaviour is simple, and can be (at least qualitatively) understood using traditional two-state resonance models.
For parameter regions characteristic of monomethine dyes (c.f. Figure 1) , there is a single charge-transfer conical intersection in the model that moves in response to changes in solvent configuration. For an unsolvated dye or a dye in an unpolarized solvent, the intersection occurs at a geometry of the dye where both bonds are twisted. This is an ambiguous position with respect to the two TICT channels. It corresponds to either a concerted-or "hula-" twisted geometry 65 .
As the solvent configuration changes, so as to solvate better one or the other diabatic state, the intersection moves into one of the TICT channels. This means that the intersection will occur at a geometry where one bond is twisted more than the other.
In general, ab initio calculations on methine dyes show that minimal-energy conical intersections in symmetric monomethine cyanines occur at geometries where both bonds are twisted, but where the twist distribution is not symmetric 31 . This is also true in non-symmetric methines with very small diabatic gap 33 . The reason why our model predicts a symmetric twist distribution can be traced to the neglect of other intramolecular displacements that could break symmetry in the full molecule. In any case, our study here suggests that intersections in methines can move very significantly in response to solvation, and will move to the bottom of the excited-state PES for solvents of moderate polarity. Laage and Hynes suggested a form for the bond-stretch coupling that is mathematically analogous to our description of the solvation interaction. 60 The inclusion of more symmetry-breaking modes in this way would act to move the CI further towards the bottom of the excited-state PES (for given solvent reorganization energy). The optimization of minimal-energy intersections in an interacting non-equilibrium solvation environment is a challenge to computational quantum chemistry techniques. However, migration of conical intersections towards the bottom of the excited state potential in solvated organics was observed in early QM/MM wavepacket simulations of solvated photoisomerization in methines 83 . Our model gives a simple and transparent description of this effect for the case of monomethine cyanines.
Symmetric monomethines have been used as experimental models for the study of barrierless viscosity-controlled reactions 7784858186 . In some instances, the timescales extracted from the transient response has been interpreted in terms of an unfolding sequence of molecular motions 81 .
Specifically, a fast ( 1ps) component in the dynamics has been attributed to twisting motion towards an excited state basin, followed by depletion from the basin through the sink on the longer ( 10ps) timescale 81 . Our results suggest that there is no basin on the excited state surface that could support diffusion for typical monomethine cyanines in alcohol solution, and argues against this assignment of the relevant spectroscopic timescales.
Our model predicts that configurations with mixed twist distributions (for example, the "hulatwist" configuration HT) have relatively low energy on the excited-state PES. In particular, these geometries are accessible from FC in gas phase. This is contraindicated by ab initio calculations on monomethine cyanines 31 , as well as non-symmetric monomethines with small diabatic gap 33 .
The physical origin of the discrepancy is that, in our model, there is no additional penalty for breaking both π bonds at once. This could be added to our model easily, but would not qualitatively alter our main results.
V. CONCLUSION
We have investigated the potential energy surfaces given by a simple model of double bond photoisomerization in a symmetric monomethine dye. The lowest adiabatic transition in these systems is traditionally described using a concept of resonance between quantum states with distinct charge and bond localization. This results in strong coupling to the twist degrees of freedom and a twist-dependent charge-transfer character of the transition, all of which our model captures.
It also describes several features of the potential energy surfaces that have been observed with more complicated electronic structure models 31 , including the occurrence of multiple low-energy TICT channels on the excited state surface, correlation between twisting and charge-transfer polarization of the transition in the channels, and the existence of low-energy conical intersections in the TICT channels. We believe that our model may be the simplest that captures these three effects.
